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ABSTRACT 


In  a previous  report  of  work  done  under  contract  with  the 
Office  of  Naval  Research  there  were  presented  the  spectra  of  all 
suitable  strong -motion  earthquake  accelerograms  recorded  prior 
to  August,  1951.  On  July  21,  1952  a strong  earthquake  occurred 
in  the  region  of  Arvin  and  Tchachapi,  California.  The  ground 
accelerations  were  recorded  at  Taft,  California  on  an  instrument 
maintained  by  the  U.  S.  Coast  and  Geodetic  Survey.  The  present 
report  gives  the  spectra  as  computed  from  the  Taft  accelerograms. 


ANALYSIS  OF  THE  TAFT  ACCELEROGRAM 
OF  THE  EARTHQUAKE  OF  U JULY  m<* 


INTRODUCTION 

A precise  engineering  study  of  the  effects  of  earthquakes  on 
structures  must  be  based  on  instrumental  records  of  the  ground  motion. 
This  is  not  to  say  that  investigations  of  damaged  structures  are  not 
important,  but  since  the  ground  motion  is  different  in  every  earthquake 
and  since  a large  number  of  structures  of  different  types  is  involved, 
it  will  require  many  destructive  earthquakes  to  amass  a sufficient 
amount  of  information  to  permit  more  or  less  general  and  precise 
conclusions  to  be  reached.  P'rom  strong  - motion  earthquake  records 
certain  precise  information  can  be  deduced  which  throws  considerable 
light  on  the  effects  of  ground  motion  on  structures. 

When  a structure  is  subjected  to  ground  motion  it  is  excited  into  a 
more  or  less  violent  vibration  with  consequent  reversals  of  stresses. 

The  intensity  and  character  of  the  vibrations  of  the  structure  will  depend 
upon  the  form  of  the  ground  lotion  and  also  upon  the  physical  properties 
of  the  structure,  such  as  size,  shape,  mass,  stiffness,  damping,  etc. 

Io  illustrate  just  how  a structure  responds  to  ground  motion  some  ex- 
perimental results  are  presented  in  the  following  paragraphs. 
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MEASURED  RESPONSE  OF  A STRUCTURE 
TO  GROUND  MOTION 

During  an  earthquake  the  slipping  that  takes  place  along  an  earth- 
quake fault  generates  stress  waves  that  travel  through  the  earth's  crust. 
When  these  stress  waves  pass  a point  on  the  surface  of  the  ground  they 
excite  it  into  an  oscillatory  type  of  motion  and  this  in  turn  induces  a 
vibration  of  any  structure  which  is  resting  on  the  ground  at  this  point. 
Stress  wave  8 may  also  be  produced  in  other  ways  than  by  a slipping 
along  an  earthquake  fault.  The  ground  motion  shown  in  Figure  2 was 
generated  by  the  detonation  of  370,000  !bs.  of  buried  explosives.*  The 
horizontal  component  of  ground  acceleration  shown  in  Figure  1 was 
measured  at  a distance  of  approximately  1000  ft.  from  the  point  of  de- 
tonation; the  maximum  acceleration  at  this  location  wag  8%  of  gravity. 

The  accelerometer  that  recorder  this  motion  was  located  on  the  floor 
of  the  sub-basement  of  a steel-frame  mill  building.  The  walls  and 
floors  of  the  sub-surface  portion  of  the  building  were  reinforced  con- 
crete, thus  forming  a rigid  box  upon  which  the  steel  frame  was  supported. 
The  roof  and  siding  of  the  building  were  of  corrugated  iron.  At  an  eleva- 
tion of  45'  8"  above  the  ground  floor  there  was  a 6 inch  thick  concrete 
floor  slab  (37'  x 65').  This  slab,  which  was  the  heaviest  element  of  the 
building,  was  restrained  against  lateral  motion  by  cross  -bracing  (4"  H 10# ) 
located  in  the  walls.  The  building,  designed  to  resist  earthquakes,  is 
shown  in  Figure  1. 

The  elevated  concrete  floor  slab  was  so  heavy  compared  to  the 
remainder  of  the  building  that  the  vibration  induced  by  ground  motion 
was  essentially  that  of  single  heavy  mass  restrained  elastically  by  the 
cros s-bracing  with  slight  modification  due  to  interaction  with  the  adja- 
cent self-braced  one  story  portion.  The  ground  motion  shown  in  Figure 
Xexcited  the  building  into  vibration  and  this  was  measured  with  an  accel- 
erometer located  on  the  elevated  concrete  floor  slab  (45'  8"  above  the 

* 

Response  of  a Structure  to  an  Explosive -Gene rated  Ground  Shock,  by 
D.  E.  Hudson,  J.  L.  Alford,  and  G.  W . Housner , ONR  Report,  California 
Institute  of  Technology,  September  1952. 


Figure  lb.  South  wall  of  mill  building. 
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Figure  3.  East-west  acceleration  at  upper  floor  of 
the  mill  building. 
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»’ round  tli'or).  The  recorded  motion  is  shown  in  Figure  3.  It  is  seen 
th;tt  the  maximum  horizontal  acceleration  of  the  floor  slab  was  10.5%  of 
gravity.  The  strong  ground  motion  lasted  only  for  one  secord,  and 
during  this  time  the  vibrations  of  the  building  increased,  and  subsequent 
to  this  time  the  vibrations  decreased  gradually.  The  natural  period  of 
vibration  of  the  structure  was  approximately  1/3  of  a second. 

The  ground  motion  of  Figure  2 is  similar  to  that  of  a moderately 
s rong  but  very  short  duration  earthquake.  For  comparison  there  is 
shown  in  Figure  4 the  initial  portion  of  the  north-south  ground  accelera- 
tion recorded  at  Hollister,  California  during  the  earthquake  of  March  9, 

1949.  The  Hollister  shock  was  a moderate  earthquake  and  in  contrast 
to  it  the  maximum  acceleration  recorded  at  F.l  Centro,  California  during 
the  earthquake  of  May  !8,  1940  was  33%g  and  the  duration  of  the  strong 
motion  was  approximately  25  seconds.  If  the  building  had  been  subjected 
to  the  El  Centro  ground  motion  the  vibrations  would  have  been  much  more 
severe  than  those  shown  in  Figure  3. 

In  view  of  the  fact  that  the  motion  of  the  building  depends  upon  its 
mass,  stiffness  and  damping  it  is  of  interest  to  investigate  what  difference 
in  motion  there  would  be  if,  for  example,  the  stiffness  of  the  bracing  had 
been  greater,  or  if  there  had  been  more  or  less  damping.  Variations 
in  the  mass  and  stiffness  have  an  effect  on  the  period  of  vibration  of  the 
structure,  so  if  the  vibrations  .are  investigated  for  a range  of  different 
values  of  period  of  vibration  and  damping,  the  effect  of  mass,  stiffness 
and  damping  will  be  determined.  it  is  of  particular  interest  to  know  the 
maximum  acceleration  experienced  by  the  building  for  various  periods  ol 
vibration  and  various  values  of  the  damping.  These  have  been  calculated 
and  art.  shown  in  Figure  5. 

The  three  curves  in  Figure  5 labelled  n - 0,02,  0.05,  0.10,  represent 
different  values  of  damping,  n being  the  fraction  of  critical  damping.  The 
ordinates  of  these  curves  represent  the  maximum  acceleration  of  the  elevated 
floor  slab  corresponding  to  any  particular  natural  period  of  vibration  and  to 


I 
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I 
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Figure  4.  Initial  portion  of  the  north-south  ground 
acceleration  recorded  at  Hollister,  California  during 
the  earthquake  of  March  Q , 194c). 
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Figure  S.  Acceleration  spectra  for  Corona  quarry 
blast,  July  26,  19 52.  Component  E-W. 
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various  values  of  dan-ping.  For  example,  the  actual  building  had  a 
natural  period  of  vibration  of  1/3  second  and  had  a relatively  low  damping, 
heading  iron-,  the  n - 0.05  curve  for  a period  equal  to  1/3  second  there  is 
obtained  a maximum  acceleration  ot  10.5%g  which  corresponds  to  tne 
actual  measured  value  as  shown  in  Figure  3.  If  the  bracing  of  the  elevated 
Moor  slab  were  stiffer  so  that  the  period  of  vibration  was  0.  3 seconds  with 
i - 0 OS,  the  vibration  of  the  building  would  have  been  more  severe  and 
the  maximum  acceleration  as  shown  by  Figure  5,  would  have  been  20%g. 

On  the  other  hand,  if  the  bracing  were  very  flexible  so  that  the  period  of 
vibration  was  0.5  seconds,  the  maximum  acceleration  would  have  been  3.5%g. 

It  can  be  seen  from  Figure  ^ that  the  behavior  of  the  building  when  sub- 
jected to  ground  motion  depends  verv  strongly  upon  its  physical  properties 
and  that  if  there  were  two  such  buildings  identical  in  all  respects  except 
for  stiffness  of  bracing  and  damping,  their  response  to  the  same  ground 
motion  could  be  very  different. 

The  curves  of  Figure  5 can  also  be  applied  to  buildings  other  than  the 
mill  building.  For  example,  if  it  were  desired  to  know  how  the  ground 
motion  of  Figure  1 would  affect  a five  story  office  building  the  curves  of 
Figure  5 can  be  used  The  curves  represent  the  response  of  the  first  mode 
of  vibration  according  to  the  period  and  damping.  The  curves  represent 
tne  maximum  acceleration  of  the  first  mode  of  vibration,  however  the  scale 
ot  To  g would  havf  to  be  changed;  for  each  particular  type  of  building  there 
would  bt  a different  numerical  scale  of  Tog.  The  same  remarks  apply  to 
the  second  mode  of  vibration  and  again  there  would  be  a different  numerical 
scaie  of  %g  for  each  type  of  building.  It  i6  thus  seen  that  Figure  5 charac- 
i iv.cs  the  ground  motion  as  to  its  effect  on  structures.  Any  structure 
having  a period  of  approximately  0.25  seconds  and  small  damping  would 
experience  a relatively  large  acceleration  as  compared  to  a structure  of 
the  same  type  having  a period  of  0.5  seconds,  etc.  The  curves  of  Figure  5 
are  calif  d acceleration  spectra  because  they  give  the  maximum  acceleration 
as  a function  of  the  period  of  vibi<tiiwn. 


THE  ARVIN-TEHACHAPI  GROUND  MOTION 


j 

I 

I hr  effect  of  ground  motion  on  structures  is  characterized  by  the 
spectrum  curves  of  the  ground  motion  so  that  it  is  very  informative  to 
study  the  spectra  of  earthquake  ground  motions.  These  curves  enable 
one  to  make  a rather  precise  comparison  of  the  intensities  of  ground 
n otion  of  different  earthquakes,  and  they  also  indicate  the  maximum 
stresses  likely  to  be  developed  during  a shock.  Such  curves  have  been 
published  in  the  Bulletin  of  the  Seismological  Society  of  America*  for  a 
large  number  of  strong  earthquakes  occurring  prior  to  1950.  The  curves 

« 

l 

for  the  Arvin -Tehachapi  shock  are  presented  here.  . 

i 

The  ground  motion  of  the  Ar vin-Tehachapi  shock  was  recorded  by  the  ] 

U.S.  Coast  and  Geodetic  Survey  at  Taft,  California.  This  is  approximately  j 

30  miles  from  the  epicenter  of  the  shock  which  was  it  Wheeler  Ridge.  The 
ground  motion  at  Taft  was  less  severe  than  at  points  closer  to  the  epicenter. 

It  is  estimated  that  the  ground  motion  a few  miles  north  of  Wheeler  Ridge 

had  an  intensity  approximately  twice  as  severe  as  at  Taft.  The  recorded  i 

ground  motion  at  Taft  is  shown  in  Figures  6 and  7.  For  comparison,  one  j 

l 

component  of  the  ground  motion  at  El  Centro,  California  during  the  earth- 

I 

quake  of  May  18,  1940  is  shown  in  Figure  8.  It  is  seen  that  the  Taft  ground 
motion  was  much  less  severe  than  the  El  Centro  ground  motion. 

I 

The  acceleration  spectra  for  the  Taft  record  are  shown  in  Figures  9 
and  10  and  tor  comparison  the  spectra  of  El  Centro  shock  are  shown  in 
Figure  11.  It  is  seen  from  these  that  the  Taft  ground  motion  was  approxi- 
mately one -half  as  intense  as  the  El  Centro  ground  motion,  that  is,  a building 
subjected  to  the  Taft  ground  motion  would  have  experienced  maximum  stresses 

i 

approximately  one-half  as  great  as  it  would  have  had  it  been  subjected  to  the 



* 

Spectrum  Analysis  of  Strong -Motion  Earthquakes,  by  G.  W,  Housner, 

R.  R.  Martel,  and  J,  L.  Alford,  Bull.  Seism.  Soc.  Amer.  , Vol.  43,  No.  2, 

April  1952.  I 

Spectrum  Analysis  of  Strong  - Motion  Earthquakes,  by  G.  W.  Housner,  j 

R.R,  Martel,  and  J.  L.  Alford,  Office  of  Naval  Research  Report,  Contract 
N6  onr-244.  Task  Order  25,  California  Institute  of  Technology,  August  1951. 
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Figure  (■> . Accelerogram  for  Taft,  California; 
earthquake  of  July  21,  1952.  Component  S69E. 
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Figure  7.  Accelerogram  for  Taft,  California 
earthquake  of  July  21,  1992.  Component  N21E. 


Figure  8.  Accelerog 
earthquake  of  May  18, 


UNDAMPED  NATURAL  PERIOD  — SECONDS 
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HI  Centro  ground  motion  Furthermore,  the  spectra  show  that  the  charac- 
ter ot  the  I'aft  ground  motion  was  similar  to  that  of  the  El  Centro  ground 
motion  for  the  spectra  curves  have  similar  shapes  for  both  shocks. 

According  to  seismologists  the  magnitude  of  the  Ar vin -Te hachapi  shock 
was  7.6  and  that  of  the  El  Centro  shock  was  6.7.  The  energy  released  by 
a shock  is  related  to  the  magnitude  by  the  expression* 


E - (10) 


11.  3 


(10) 


1. 8M 


where  E is  the  energy  in  ergs  and  M it  the  magnitude.  According  to  this, 

2 8 times  as  much  energy  was  released  by  the  Arvin -Tehachapi  shock  as  by 
the  El  Centro  shock.  Other  things  being  equal,  this  would  require  the 
ground  motion  of  the  A r vi  n - Te  hachapi  shock  to  be  very  much  more  severe  than 
the  ground  motion  of  the  El  Centro  shock.  However,  it  appears  that 
actually  the  ground  motion  of  the  Arvin  shock  was  somewhat  less  than  that 
associated  with  the  El  Centro  shock.  This  can  only  mean  that  there  was 
some  significant  difference  in  the  processes  of  energy  release  of  the  two 
shocks.  The  El  Centro  earthquake  was  typical  of  the  usual  California 
earthquake  in  that  it  w as  generated  by  a hori/.ontal  slipping  along  an  e s - 
senHally  vertical  fault  plane,  whereas  the  Arvin-Tehachapi  shock  was 
apparently  generated  by  a slipping  that  was  essentially  vertical.  Pre- 
sumably this  type  of  slipping,  combined  with  the  geological  conditions  of 
the  region,  produced  less  intense  ground  motion  in  the  epicentral  region 
than  would  normally  be  expected  for  an  energy  release  of  that  magnitude. 


VELOCITY  SPECTRA 

An  alternate  way  of  presenting  the  data  given  by  the  acceleration  spec- 

T 

fra  of  Figures?  and  10  is  to  multiply  each  ordinate  by  — , where  T is  the  period 


Earthquake  Magnitude,  Intensity,  Energy  and  Acceleration,  by 
B Gutenberg  and  C.  F.  Richter,  Bull.  Seism.  Soc.  Amer.  , Vol.  3 2, 
No  > July  1942. 
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of  vibration  When  the  maximum  acceleration  of  a one  degree  of  freedom 

T 

struc  ture  is  multiplied  by  — — there  is  obtained  essentially  the  maximum 

4TT 

velocity  of  the  structure.  When  these  arc  plotted  there  are  obtained  the 
so-called  velocity  spectra.  Since  the  maximum  velocity  of  a one  degree 
of  freedom  structure  is  proportional  to  the  square  root  of  the  maximum 
kinetic  energy,  the  velocity  spectrum  is  a measure  of  the  maximum  vibra- 
tional energv  of  the  structure.  The  chief  advantage  of  plotting  the  velocity 
spectrum  is  that  the  ordinates  do  not  become  small  with  increasing  period 
as  they  do  for  the  acceleration  spectrum,  and  thus  the  velocity  spectrum 
is  easier  to  read.  The  velocity  spectra  for  the  Taft  ground  motion  are 
shown  in  Figures  1Z  and  13.  For  comparison  the  velocity  spectra  for  the 
F,1  Centro  shocK  are  shown  in  Figure  14.  The  numerical  values  for  both 
the  acceleration  and  velocity  spectra  for  the  Taft  ground  motion  are  pre- 
sented in  the  appendix. 
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APPENDIX  I 


Definition  of  Earthquake  Spectrum 


Consider  a structure  that  has  linearly  elastic,  damped  vibrations  so 
that  during  a free  vibration  the  displacement,  y,  at  any  point  of  the  struc- 
ture is  given  by  the  sum  of  the  normal  modes  of  vibration 


„ i -n.p.t 
y = £ c.(D.  e i l sin  p.t 
j l T i l 


in  which 


c.  - undetermined  coefficient 
6.  - it^1  normal  mode 

l 

p.  = 2ir  times  the  frequency  of  the  i mode 

n.  = ratio  of  damping  in  i*^  mode  to  critical  damping 

t - time 


If  the  free  vibrations  are  initiated  so  that  at  time  t = 0 the  displace- 
ment is  zero  and  the  velocity  is  v^  at  every  point  of  the  structure,  then 
the  coefficients  are  evaluated  in  the  Fourier  manner,  namely, 

v /(£}.  dp  v 

c.  - — = — W.  (2) 

‘ pi  h ‘ 

in  which  p is  the  density  and  the  integrals  are  taken  over  the  entire  mass 
of  the  structure.  The  corresponding  free  vibrations  are  then 

v 

v = £ — - W <f>.  e Vi  sin  p.t  (3) 

r P.  im  i 

If,  now,  the  base  of  the  structure  be  subjected  to  a variable  acceler- 
ation a.  the  displacement  at  time  t is  given  by 


w t 

^ ? — - <^i  / a e ni^i^t-^  ^ sin  p.(t-T)dT 

^ Pi  ^ « 


I 
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This  may  bo  written 


in  which 


V = f x i <5> 

1 

X.  - f a e ni^Vl  ^ sin  p.(t-T)dT  (6) 

1 o 


It  should  be  noted  that  the  factor  W^/'p.  is  a function  only  of  the  physical 
properties  of  the  structure,  that  is,  mass,  rigidity,  and  dimensions.  The 
factor  <p.  is  a function  of  the  space  coordinates,  and  the  factor  is  a 
function  of  the  earthquake  (ground  acceleration). 

From  Equation  (5)  it  can  be  seen  that  in  order  to  investigate  the  physi- 
cal significance  of  earthquakes  it  is  necessary  to  evaluate  X as  a function 
of  (p)  and  (n).  The  maximum  value  of  X,  for  0 < t < T»  when  plotted  as  a 
function  of  p is  called  the  velocity  spectrum.  A similar  plot  of  (2npX)  is 
called  the  acceleration  spectrum. 
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APPENDIX  H 

Spectrum  Ordinates  for  the  Taft  Ground 
Motion 

T = period  of  vibration  in  seconds 

v = maximum  velocity  in  ft.  per  sec. 

• , 2 

a - maximum  acceleration  in  ft.  per  sec  . 
g acceleration  of  gravity  in  ft.  per  sec^. 

n r fraction  of  critical  damping. 
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Component  S69E  (Contd.  ) 
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